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Abstract 
Some results from a combined experi- 

mental and analytical study of the low-speed 
flutter characteristics of low-aspect-ratio 
delta wings are presented. Data are presented 
which show the effects of sweep angle on the 
flutter characteristics of some simple plate 
models of constant planform area. The range 
of sweep angles studied was from 30 to 72 
degrees. In addition, flutter results are pres- 
ented for two 300-sweep clipped-delta wing 
models. Further, results are presented that 
show the effects of root clamping (percentage 
length of the root chord that is cantilevered) 
for a 450-sweep delta wing. The experimental 
data are compared with analytical results 
obtained by using kernel function and doublet 
lettice subsonic unsteady lifting surface the- 
ories. 

lntroduct ion 
Rekindled interest in hypersonic aircraft 

has resulted in the need to better understand 
the flutter characteristics of low-aspect- 
ratio delta wing configurations which are can- 
didate planforms for use with such airplanes. 
In his excellent summary of experimental and 
theoretical flutter studies1 , Harris observed 
that "more difficulty was experienced in 
obtaining data . . . for surfaces of delta type 
planform than was the case for conventional 
planforms." Although this observation was 
made in 1963, the situation is not much dif- 
ferent today. A recent literature survey by 
Reed et a12 focused on the flutter character- 
istics of candidate hypersonic airplane con- 
figurations. They identified only five papers 
published since 1963 that present experimen- 
tal flutter data for delta wings. 
'Chief Scientist, Structural Dynamics Division, 

+Structures Engineer, Member AIAA. 
Associate Fellow AIAA, Member AHS. 

The current study, part of a much larger 
effort to provide a better understanding of 
delta wing flutter characteristics throughout 
the Mach number range, was undertaken to 
determine the low-speed flutter characteris- 
tics of some simple delta wing configurations. 
The primary parameters studied were leading 
edge sweep, varying from 30 to 72 degrees; 
percentage removed from the tip of a 300- 
sweep delta wing to form clipped delta wings, 
20 and 30 percent; and percentage length 
along the root chord that was clamped 
(cantilevered), varying from 21 to 100 
percent, for a 450-sweep delta wing. The 
experimental results were obtained in the 
NASA Langley Research Center Transonic 
Dynamics Tunnel. Analytical results obtained 
by using kernel function and doublet lattice 
subsonic unsteady lifting surface theories 
were compared with the experimental results. 

Models 
P e s c r W  

. .  
There were three series of model con- 

figurations tested. The first series, hereafter 
referred to as sweep-effects series, con- 
sisted of four delta-wing configurations of 
constant 260 in.2 planform area with respec- 
tive leading edge sweep angles of 300, 450, 
600 and 720 and corresponding panel aspect 
ratios of 3.45, 2.00, 1.15, and 0.65. Sketches 
of these configurations are shown in Fig. 1. 
The models were constructed of aluminum 
alloy plate. The plate thickness for the 300- 
sweep model was 0.091 in.; the plate thick- 
ness for the 600-sweep model was 0.064 in.; 
the plate thickness for the 720-sweep model 
was 0.051 in. There were two models with 
450 sweep. The plate thicknesses for these 
two models were 0.064 in. and 0.091 in. 
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300 SWEEP 

600 SWEEP 

45O SWEEP 

720 SWEEP 

Fig. 1 Geometry of sweep-effects models. 
(Linear dimensions are in inches.) 

The second series of configurations, 
hereafter referred to as the tip-clipping- 
effects series, consisted of a 300-sweep 
delta wing configuration and two variations 
thereof. These variations in configuration 
were clipped delta wings. For one, the outer- 
most 20 percent of the basic delta wing was 
removed; for the other, the outermost 30 per- 
cent of the basic delta wing was removed. The 
respective planform areas of these three mod- 
els were 260 in.2, 250 in.2, and 237 in.2 with 
corresponding panel aspect ratios of 3.45, 
2.31, and 1.87. These models were con- 
structed of 0.091 in.-thick aluminum alloy 
plate. Sketches of these configurations are 
presented in Fig. 2. 

Fig 2 Geometry of tip-clipping-effects 
models. (Linear dimensions are in 
inches.) 

The third series of configurations, here- 
after referred to as the root-clamping-effects 
series, consisted of variations in the percent- 
age length of the root chord that was clamped 
(cantilevered) for a 450-sweep delta wing 
having a planform area of 260 in2  and a panel 

aspect ratio of 2.00. The clamping was sym- 
metric about the center of the root chord of 
the models. This model was constructed from 
0.064 in.-thick aluminum alloy sheet. This 
model was serially modified by sawing along 
the root chord so that the length of the canti- 
lever root was reduced first from 22.8 inches 
(100-percent root chord) to 16.8 inches (74- 
percent root chord), then reduced to 10.8 
inches (47-percent root chord), next reduced 
to 7.8 inches (34-percent root chord), and 
finally reduced to 4.8 inches (21-percent root 
chord). An equal amount was sawed from the 
leading and trailing edges so that the clamping 
was symmetric about the center of the root 
chord. Sketches of each modification of the 
model are shown in Fig. 3. The model was flut- 
ter tested after each modification. 

Fig. 3 Geometry of root-clamping-effects 
models. Clamping is symmetric 
about center line of root chord. 
(Linear dimensions are in inches.) 

For all the models the leading and trail- 
ing edges of the aluminum plate were beveled 
to form sharp edges. Each model was instru- 
mented with two four-arm resistance-wire 
strain gage bridges. One bridge was oriented 
to be primarily sensitive to strains produced 
by spanwise bending deflections whereas the 
other bridge was oriented to be primarily sen- 
sitive to strains produced by torsional, or 
chordwise, deformations. In addition, transi- 
tion strips of #30 carborundum grit were 
installed on the upper and lower surfaces of 
all models. The center of each strip was at 10 
percent of the local, chord; the streamwise 
width of each strip was about two percent of 
the local chord. 
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Yibration Char- i *  
The natural vibration frequencies, mode 

shapes and generalized masses were calculat- 
ed. To accomplish this a finite-element model 
was developed for each model configuration 
tested by using the EISI-EAL Engineering Anal- 
ysis computer codes. The wings were modeled 
using a combination of triangular and quadri- 
lateral plate elements. A typical arrangement 
of finite elements is shown in Fig. 4. 

TRIANGULAR 

OUADRALATERAL 
ELEMENT 

RID POINT 

CLAMPED EDGE 

Fig. 4 Typical structural finite-element 
inodel. 

The first five natural frequencies and 
corresponding nodal patterns were measured 
for most of the models. To obtain these data 
the models were excited by using a variable 
frequency pulsating air jet. The nodal pat- 
terns were obtained by observing the gravita- 
tion of sand sprinkled on the surface of the 
vibrating models to the node lines, points of 
no vibration. 

300 i\ 4 b+ 
MODEI MODEZ MODE 3 

SweeD-effects se ries. Calculated nodal patterns 
are presented in Fig. 5. Although they are not 
shown in the figure, the measured nodal patterns 
were very similar to the calculated ones. An 
examination of the nodal patterns in Fig. 5 
shows that the patterns for the 300-sweep delta 
wing model exhibit a typical set of what is usu- 
ally termed bending and torsion modes. For 
example, the first, second, and fourth modes are 
the first, second, and third bending modes. The 
third and fifth modes are first and second tor- 
sion modes. The sixth and seventh modes are 
coupled bending-torsion modes. However, as the 
model sweep angle increases the node lines 
change considerably and the classification of 
modes into bending and torsion categories is not 
as obvious. For example, the second mode for 
the 720-sweep wing appears to be a torsion 
mode from the location of the node line, but a 
careful examination of the "migration" of nodal 
patterns as sweep angle is increased shows that 
this mode is actually the modal equivalent of the 
second bending mode for the 300-sweep model, 
that the third mode for the 720-sweep wing is 
the modal equivalent of the second bending mode 
(fourth mode) of the 300-sweep wing, and that 
the fourth mode for the 720-sweep wing is the 
modal equivalent of the first torsion mode (third 
mode) of the 300-sweep wing. 

Some calculated and measured natural fre- 
quencies are presented in Fig. 6. The curves 
in these figures are fared through the calcu- 
lated results. The measured frequencies are 
differentiated from the calculated ones by 
the use of ticked symbols. For presentation in 
this 

1 'L 
MODE 4 

Fig. 5 Calculated node lines for 
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Fig. 6 Calculated and measured natural frequencies of 
sweep-effects models. (Frequencies adjusted for 
plale thickness = 0.064 in.) 

adjusted to the values they would have if  all the 
wings were 0.064 in. thick by using ratios of the 
actual plate thickness to the reference thickness. 
The measured frequencies are in good agreement 
with the calculated frequencies. The variations 
of the modal frequencies with sweep angle are 
easily seen. Although the curves for the modes 
labeled first torsion and third bending do noi 
actually cross as shown by the inset in Fig. 6, 
they do come very close together. As the curves 
approach one another as sweep angle is 
increased, they change their direction so that one 
appears to be the extension of the other which 
results in a switching of character of the two 
modes from one side of the "crossing point" to 
the other as indicated by the nodal patterns 
shown in Fig. 5. The vibration results shown here 
are consistent with the vibration characteristics 
of platelike delta wings observed by other 
investigators.43 

cts Series, Calculated 
node lines and calculated and measured natural 
frequencies are presented in Figs. 7 and 8, 
respectively. The actual frequencies are pres- 
ented in Fig. 8 because the thickness was the 
same for all models in this series. There is no 
switching of the character of modes in the.fre- 
quency spectra for these models over the range of 
tip clipping studied although the frequencies of 
the second bending and first torsion modes tend 
to approach each other as more of the tip is clip- 
ped. The calculated and experimental frequencies 
are in good agreement. Although not shown, sim- 
ilar agreement was found between calculated and 
measured nodal patterns. 

UNCLIPPED 
(300 DELTA) 

20 w 
CLIPPED 

MCOEI MODEZ M O O E ~   MODE^  MODE^ 
Fig. 7 Calculated node lines for clipped- 

tip-effects moduls 

Poot-ClamDina-Effects Ser' las, Calculated 
nodal patterns are presented in Fig. 9. 
Although not shown, the measured nodal patterns 
were very similar to the calculated ones. Some 
calculated and measured natural frequencies are 
presented in Fig. 10. The actual frequencies are 
shown in this figure because the models in each 
case had the same thickness. The agreement 
between the measured and calculated frequencies 
is good. The data for this series of models 

PERCEKT 
ROOT 
CLAMPING 

34 p\ 
47 h 
cl 

100 n a IL . .  

MODE 3 MODE 1 MODE 5 YODE 1 MODE 1 

Fig. 9 Calculated node lines for root- 
clamping-effects models. 

-4- 



. 

also show a switching of bending and torsion 
modes in the order of natural modes similar to 
that described previously for the sweep- 
effects series. In this case, as percent root 
clamping is decreased, the curves for the 
modes labeled second bending and first torsion 
come close together at about 45-percent root 
clamping. A comparison of the node line for 
the third mode of the 100-percent-clamped 
model with the second mode of the 21-percent 
clamped model shows l i t t le difference. 
Therefore the second mode of the latter (21- 
percent) is the modal equivalent of the third 
mode of- the former (100-percent). 

The overall good ag'reement between cal- 
culated and measured vibration characteris- 
tics for all three series of models validated 
the accuracy of the analytical finite-element 
model. 

COUPLED 
BENDING TORSION 

8ot 

FIRST BENDING 

6 Y n  n' d 
0 1 

0 20  40 60 80 100 

PERCENT ROOT CLAMPING 

Fig. 10 Calculated and measured natural 
frequencies of root-clamping- 
effects models. 

Flutter Exoerimenb 
Wind Tunnel 

The wind-tunnel tests were conducted in 
the Langley Transonic Dynamics Tunnel (TDT). 
This wind tunnel is used almost exclusively 
for aeroelastic testing. The TDT is of the sin- 
gle return type, and its speed and stagnation 
pressure are continuously controllable over a 
range of Mach numbers from near zero to 1.2 
and a range of pressures from near vacuum to 
about one atmosphere. Either air or a heavy 
gas (R-12) can be used as the test medium. 
Air at atmospheric stagnation pressure was 
used for the present test. - 
ceeded as follows: 

The determination of a flutter point pro- 
With the tunnel stagnation 

pressure set at atmospheric pressure, the fan 
rpm was gradually increased in steps and the 
model response was observed visually by the 
test engineer. The output of the strain gage 
bridges were monitored by another engineer on 
a strip chart recorder. In addition, the mean 
values of the strain gage signals, proportional 
to static load, were displayed on a digital dis- 
play. When the observations indicated that a 
flutter condition had been reached, the wind- 
tunnel flow conditions were recorded after 
which the tunnel speed was rapidly reduced. 
In addition, the strain gage output signals 
were monitored using a transfer function 
analyzer to obtain the predominant frequency 
content of the model response and to monitor 
the response of the model as flutter was 
approached. 

For testing, the models were clamped in 
a set of blocks, cantilever root condition, that 
was in turn attached to a remotely controlled 
turntable on the wall so that the angle of 
attack could be- changed during testing. The 
model attitude was continuously adjusted to 
near zero lift by using the turntable. The 
mounting arrangement was such that the root 
chord of the model was outside the wind- 
tunnel wall boundary layer. 

Natural frequencies of each model were 
checked before and after each flutter point to 
ensure that the model had not been damaged. 
No damage was detected. 

Analysis 
Flutter calculations were made by using 

kernel function6 and doublet lattice7 subsonic 
unsteady lifting surface theories. Typically, 
48 collocation points, eight chordwise points 
at each of six spanwise stations, were used 
for the kernel function calculations. The num- 
ber of doublet lattice boxes varied from 75 to 
140 with the total number of boxes and the 
number of boxes per chord increasing with 
increasing model sweep angle. The aspect 
ratios of the doublet lattice boxes were for 
the most part close to one. Illustrative 
arrangements of collocation points and dou- 
blet lattice boxes are shown in Fig. 11. (This 
is the same model for which the finite- 
element model was shown in Fig. 4.) The first 
seven calculated mode shapes, generalized 
masses, and natural ,frequencies were used in 
the analyses. A structural damping ratio of 
0.01 was used for all modes. A p-k flutter 
solution method8 was used to solve the flutter 
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Typical arrangement of doublet 
lattice boxes and kernel function 
collocation points. 

and the results were plotted in a 
format. A typical result is shown 

calculations were made at Mach 
numbers corresponding to the experimental 
values. The calculated results are "matched 
points" in that the flutter speed is consistent 
with the Mach number for which each individ- 
ual calculation was made. 

IMAGINARY, l lSEC 

T 2 0 0  

Results and Discuss ion 
The flutter results are presented in the 

form of the flutter velocity index VI which is 
a parameter commonly used to correlate flut- 
ter data from different configurations. This 
parameter is defined by the relationship 

where V is the flutter speed; bref is a refer- 
ence length (mean semichord was used here); 
fref is a reference frequency, usually the tor- 
sion natural frequency which was used here; 
and p is the mass ratio parameter. The mass 
ratio parameter is defined as the mass of the 
wing divided by the mass of a circumscribed 
volume of air. For the delta wing models the 
volume used was that contained in a right cir- 
cular cone that had a base diameter equal to 
the wing root chord and an altitude equal to 
the wing span. For the clipped delta wings, 
the volume was that of a conical frustum hav- 
ing diameters equal to the wing root and tip 
chords and an altitude equal to the wing span. 
The mass of the fluid is the fluid density at 
the flutter condition rnultiplied by this vol- 
ume. 

Because the experimental flutter results 
were obtained at very low speeds (the Mach 
number range was from about 0.10 to about 
0.35), compressibility effects are assumed to 
be very small and the data are presented and 
discussed as if they were all obtained at the 
same Mach number. Recall that the calcula- 
tions were made at Mach numbers correspond- 
ing to the experimental resttlts. 

The flutter experimental and calculated 
results are presented in Figs.13-15. Pres- 
ented at the top of each figure is the variation 
of the ratio of flutter frequency to natural 
torsion frequency with the parameter being 
studied, for example, sweep angle. Presented 
at the bottom of each figure is the variation 
of the flutter velocity index with the parame- 
ter. The experimental results are indicated by 
the symbol and solid line faring. The doublet 
lattice calculated results are marked by the 
dashed line. The kernel function results are 
indicated by the long/short dashed line. 
Sweeo-Lnale e r r e m  

The results for the sweep-effects series 
are presented in Fig. 13. The experimental 
frequency results show that the flutter fre- 
quency as a fraction of the torsion increases 
slightly as sweep angle is increased from 30 
to 45 degrees and then begins to decrease in 
value as sweep angle increases further. The 
flutter frequency ratio ranges from about 40 
to 60 percent of the torsion frequency over 
the range of sweep angles investigated. The 
flutter velocity index ,shows a linear decrease 
in value as sweep angle is increased from 30 
to 72 degrees. The VI parameter does an 
excellent job of correlating the two flutter 
points obtained for the two 450-sweep mod- 

* 
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els. There was almost a factor of three dif- 
ference in actual flutter dynamic pressures 
for these models. 
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(b) Flutter velocity results. 

Fig. 13 Variation of flutter frequency ratio 
and flutter velocity index with 
sweep angle. 

A few comments about the nature of the 
flutter that was observed are in order. For the 
lower sweep angles flutter onset was clear in 
that at flutter the response began to increase 
at a rapid rate in the usual divergent ampli- 
tude oscillation. As sweep angle was 
increased, however, the onset of flutter 
became less distinct. As the flutter condition 
was approached the higher sweep models 
exhibited long bursts of lowly damped oscilla- 
tions. The flutter condition itself was in the 
nature of a limited amplitude oscillation. 

The trends of the calculated frequency 
and velocity results are very similar to the 
experimental results. The calculated fre- 
quency results obtained by using the two theo- 
ries were essentially the same. The calcu- 

lated flutter velocity boundary is conservative 
with respect to the experimental results. The 
disagreement between theory and expeririierlt 
increases with increasing sweep angle. 
I iD-cl imina e f f ecb  

The results for the 300-sweep clipped 
delta wings are presented in Fig. 14. The ratio 
of experimental flutter frequency to torsion 
frequency is almost constant, about 0.55 in 
value, over the range of tip clipping studied. 
The experimental flutter speed as indicated by 
the VI parameter decreases as tip clipping is 
increased from the pointed tip delta wing to a 
30-percent clipped-delta wing. 

The trends of the calculated frequency 
and velocity results are very similar to the 
experimental results. The calculated fre- 
quency results obtained by using the two theo- 
ries are very close in value. Both sets of cal- 
culated flutter velocity boundaries are in good 
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0.0 I I I I I 
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(a) Flutter frequency results. 
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(b) Flutter velocity results. 

Fig. 14. Variation of flutter frequency ratio 
and flutter velocity index with ' 
percent span reduction for 300- 
sweep delta wing. 
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agreement with one another and are conserva- 
tive with respect to the experimental results. 
The agreement between theory and experiment 
appears to improve slightly as tip clipping 
increases. 
eQpt-clamDina e f f e m  

The results for the root-clamping- 
effects series of models are presented in 
Fig. 15. The experimental flutter frequency 
ratio results show a saddle at about 35- 
percent root clamping, indica4ing a transition 
from flutter of one characteristic to that of 
another characteristic. The reason for this 
is believed to be due to a change in relative 
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(a) Flutter frequency results. 
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(b) Flutter velocity results. 

F Fig. 15. Variation of flutter frequency ratio 
and flutter velocity index with 
percent root clamping for 450- 
sweep delta wing. 

participation of the bending and torsion natu- 
ral modes in the flutter mode. Recall that the 
second and third natural modes, second bend- 
ing and first torsion, switch places in the fre- 
quency spectrum near a root clamping value 
of about 45 percent (see Fig. 8). The calcu- 
lated flutter roots are associated with the 
second natural frequency. The flutter velocity 
index results show a decrease in flutter speed 
as the percentage of the root that is clamped 
is increased. 

The trends of the calculated frequency 
results are very similar to the experimental 
results, exhibiting the same saddle shape as 
discussed previously. The calculated fre- 
quency results obtained by using the two theo- 
ries are very close in value. Both sets of cal- 
culated flutter velocity boundaries are in good 
agreement with one another, almost identical 
in value for the smaller values of root clamp- 
ing, and are conservative with respect to the 
experimental results. 

Goncludina Remarks 
Experimental and analytical flutter 

results have been presented for some low- 
aspect-ratio delta wings with sweep angles 
ranging from 300 to 720. The study included 
the determination of the effects on flutter 
characteristics of leading edge sweep angle, 
of removing portions of the tip to form a clip- 
ped delta configuration for a 300-sweep wing, 
and of variations in percentage of the root 
that was clamped (cantilevered) for a 450- 
sweep wing. The results show that for flutter 
speeds expressed in the form of the flutter 
velocity index, the flutter speed decreases 
with increasing sweep, decreases with 
decreasing span, and decreases as the per- 
centage of the root that is clamped is 
increased. Analytical results obtained by 
using kernel function and doublet lattice sub- 
sonic unsteady lifting surface theories were 
always conservative and agreed better with 
the experimental results for the lower sweep 
angles. There were only small differences 
between the two analytical results. 
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16. Abstract 

Some results from a combined experimental and analytical study of the 
low-speed flutter characteristics of low-aspect-ratio delta wings are pres- 
ented. Data are presented which show the effects of sweep angle on the 
flutter characteristics of some simple plate models of constant planform 
area. In 
addition, flutter results are presented for two 300-sweep clipped-delta 
wing models. Further, results are presented that show the effects of root 
clamping (percentage length of the root chord that is cantilevered) for a 450- 
sweep delta wing. The experimental data are compared with analytical 
results obtained by using kernel function and doublet lattice subsonic 
unsteady lifting surface theories. 

The range of sweep angles studied was from 30 to 72 degrees. 
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